ABSTRACT: Paramagnetic Cu(II) ions enhance nuclear spin relaxation in a distance-dependent fashion and can be used as a structural probe of proteins. Cu(II) can also serve as a functionally important ligand in proteins. Here we investigate the structural basis of Cu(II) inhibition of the influenza M2 proton channel through Cu(II)-induced paramagnetic relaxation enhancement (PRE).
■ INTRODUCTION
Structure determination of membrane proteins by magic-anglespinning (MAS) solid-state NMR requires not only local structural constraints such as torsion angles and short-range distances 1−3 but also long distances (above 5 Å) to constrain the protein three-dimensional fold. These long-range distances are more difficult to measure than short-range ones because of the weakness of internuclear dipolar couplings for 13 C and 15 N nuclei and the complexity of measuring 1 H− 1 H dipolar couplings in organic solids. In 13 C and 15 N 2D correlation spectra, cross peaks for distances above 5 Å require long mixing times to observe 4 and thus are limited by nuclear spin relaxation. Even when long-range cross peaks are present, they are usually dominated by high-intensity cross peaks from nuclei within an amino acid residue. 5 Although techniques for measuring 1 H distances to 13 C or 15 N 6 and 19 F− 19 F distances 7, 8 have been developed to increase the distance upper limit of NMR, these techniques require site-specific labels and thus do not easily yield many distances simultaneously. Paramagnetic relaxation enhancement (PRE) is an effective way to measure long-range distances. The unpaired electrons in paramagnetic metal ions enhance longitudinal (T 1 ) and transverse (T 2 ) relaxation of nuclear spins according to the inverse sixth power of the electron−nucleus distance. 9 Because PRE scales with the electron gyromagnetic ratio, which is 2−3 orders of magnitude larger than the gyromagnetic ratios of nuclear spins, distances up to ∼20 Å can be measured using this effect. 10 For paramagnetic ions with high numbers of unpaired electrons and long (nanosecond to microsecond) electron spin relaxation times, transverse PRE dominates, which broadens the lineshapes and quenches the signals in the NMR spectra. In comparison, paramagnetic ions with small numbers of unpaired electrons and short electron-spin relaxation times cause smaller transverse PRE, which allows longitudinal PRE to be detected in unbroadened spectra to quantify the electron−nucleus distances. In addition to PRE, paramagnetic ions cause distance-dependent dipolar hyperfine shifts, also called pseudocontact shifts (PCS). 11, 12 This effect has been exploited in small molecules 13, 14 as well as metalloproteins 15, 16 under fast MAS.
Cu(II) is an especially favorable paramagnetic ion for structure determination by PRE, because it has relatively short electron spin relaxation times and small g-tensor anisotropy, thus causing moderate line broadening and small isotropic PCS, respectively. As a result, Cu(II)-induced T 1 and T 2 PRE can be measured readily and has been used to determine the global fold of microcrystalline proteins 10, 17 and Cu(II) binding sites in amyloid fibrils.
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For membrane-bound proteins, paramagnetic ions have so far been mainly used to measure the depth of protein residues from the membrane surface where the metal ions bind. 1 Both lanthanides, such as Gd(III), Dy(III), and Pr(III), and nonlanthanides, such as Mn(II), have been employed for this purpose, and pseudocontact shifts 19 and T 2 PRE 20−22 were observed. In addition, Cu-chelated lipids have been employed to enhance the sensitivity of membrane protein NMR. 23, 24 However, Cu(II) has not been used to investigate the structure of membrane proteins, whether through its nonspecific binding to the membrane surface or through site-specific binding to protein side chains. Compared to globular and fibrous proteins, hydrated lipid membranes present additional complexity for Cu(II) PRE, since Cu(II) can bind lipid phosphates, buffer ions, and hydroxide ions in water, in addition to specific protein sites. Therefore, distance determination of membrane proteins using Cu(II) PRE requires careful consideration of multiple binding equilibria.
The influenza M2 protein forms a tetrameric proton channel in the virus envelope that acidifies the virion to initiate virus uncoating. 25−28 Proton selectivity is achieved by a single histidine in the transmembrane (TM) domain, His37, 29 whereas channel gating is accomplished by Trp41, 30 one helical turn away from His37. The channel is inhibited by the adamantane class of antiviral drugs 31, 32 and by Cu(II). 33 Whole-cell electrophysiology experiments indicated that Cu(II) inhibition was biphasic: a low-affinity binding site exists outside the TM electric field with an equilibrium dissociation constant (K D ) of ∼100 μM, while a high-affinity binding site with a K D of ∼2 μM exists in the TM electric field. High-affinity Cu(II) binding is sensitive to pH and applied voltage, and Cu(II) inhibits both inward and outward currents. Prior application of the hydrophobic drug BL-1743 prevented Cu(II) inhibition, indicating competitive binding. 33 These biochemical data suggested His37 to be the high-affinity Cu(II) binding site; however, no structural data has been reported to determine the exact position of Cu(II). An atomic-level structural study of Cu(II) binding to M2TM will be useful for understanding the Cu(II) inhibition mechanism in comparison with the inhibition mechanism of hydrophobic drugs.
In this study, we investigate the Cu(II) binding site in the M2 TM domain (M2TM) using 13 C PRE. We show that highaffinity Cu(II) binding to M2TM is achieved under appropriate pH and solution conditions where the competing binding equilibria are minimized. On the basis of spectral line broadening, 13 C T 1 PRE, and the resulting distances, we identified the high-affinity binding site and also propose the low-affinity site detected in the electrophysiology experiments.
Our results indicate that the Cu(II) inhibition mechanism is distinct from the amantadine inhibition mechanism and demonstrate that Cu(II) PRE is a useful and general probe of membrane protein structure and function.
■ MATERIALS AND METHODS
Membrane Sample Preparation. All lipids, including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), egg sphingomyelin (SM), and cholesterol (Chol), were obtained from Avanti Polar Lipids (Alabaster, AL). The transmembrane domain (residues 22−46) of the M2 protein of the Udorn strain of influenza A virus was synthesized by PrimmBiotech (Cambridge, MA) using Fmoc chemistry and purified to >95% purity. The amino acid sequence is SSDPLVVAASIIGILHLILWILDRL. Three site-specifically labeled peptides were used in this work, with 13 C, 15 N-labeled residues at Val28, Ser31, Ile32, and Leu36 (VSIL-M2TM), Gly34, His37, and Ile39 (GHI-M2TM), and Leu40 and Trp41 (LW-M2TM).
M2TM was reconstituted into a virus-envelope-mimetic membrane (termed VM+) consisting of POPC:POPE:SM:Chol at a molar ratio of 5:5:5:4.5. 34, 35 The lipids were codissolved in chloroform and methanol, dried under nitrogen gas, and lyophilized overnight. The homogeneous lipid powder was suspended in 1 mL of pH 4.5 water, vortexed, and subject to eight cycles of freeze−thawing to create uniform vesicles. No buffer was used in preparing these membrane samples because many common buffer ions such as phosphates and Tris form insoluble complexes with Cu(II), 36, 37 which deplete free Cu(II) ions in solution. M2TM was solubilized in octyl-β-Dglucopyranoside (OG) in 1 mL of pH 4.5 water and then mixed with the 1 mL of lipid vesicle solution to reach an OG concentration of 12 mg/mL. The solution was vortexed for 2 h and dialyzed against 1 L of pH 4.5 water at 4°C for 3 days with water changes every 12 h to remove the detergent. The proteoliposome solution was centrifuged at 150 000g and ∼4°C for 4 h to give a membrane pellet with ∼45% hydration. The pellet was transferred into 4 mm MAS rotors for solidstate NMR experiments. The molar ratio of peptide to lipids (not including cholesterol) was 1:15. A peptide-free POPC membrane was prepared without dialysis as a control for the PRE experiments. The tetrameric assembly and channel activity of the transmembrane M2 peptide in lipid bilayers have been confirmed by various biophysical experiments and functional assays. 7, 38, 39 Cu(II)-Containing Membrane Samples. Cu(II) ions were incorporated into the membrane sample by direct titration of copper chloride solution into the MAS rotor. The M2TM monomer concentration in our samples at a hydration level of ∼45 wt % is about 0.1 M, thus requiring a minimum amount of 0.025 M Cu(II) to occupy all tetrameric channels. Cu(II) also complexes strongly with hydroxide ions in water to form insoluble copper hydroxide, with a solubility product constant
To minimize hydroxide binding and maintain a free Cu(II) concentration of 0.025 M, a low bulk pH of 5.1 is necessary ( Figure  S1 , Supporting Information). In addition, Cu(II) also binds to lipid phosphates. Our titration tests showed that a moderate excess of 4 equiv of Cu(II) per M2TM tetramer at a monomer:lipid molar ratio of 1:15 saturates the lipid phosphate binding site while yielding sufficient channel binding, as indicated by the 13 C PRE. At this Cu-(II):tetramer:lipid molar ratio of 4:1:60, the sample pH was controlled at 4.8 to avoid Cu(II) precipitation by hydroxide ions. An appropriate amount of Cu(II) chloride solution was titrated into the membrane to reach the desired pH and concentration. After titration, the sample was subject to freeze−thawing again, followed by incubation overnight at 37°C in the closed rotor to allow Cu(II) equilibration within the membrane. The low pH of the final sample was confirmed by the His37 15 15 N signal of N-acetyl-valine at 122.0 ppm on the liquid ammonia scale, and the hydroxyapatite signal at +2.73 ppm on the phosphoric acid scale. Sample temperature was regulated using the built-in heater in the MAS probes and a Kinetics Thermal System XR air-jet sample cooler. 13 C T 1 relaxation times were measured using Torchia's z-filter sequence 40 ■ RESULTS Distance Extraction Using Cu(II) PRE. We first summarize the quantitative aspects of distance extraction from Cu(II)-induced PRE. The longitudinal relaxation enhancement, Γ 1 , is the difference between the relaxation rates in the absence and presence of the paramagnetic ion
The transverse PRE, Γ 2 , can be similarly defined. If we assume a diamagnetic 13 C T 1 dia of 1.0 s, which is typical for the backbone carbons of membrane-bound proteins at moderate MAS frequencies, then we obtain the dependence of 13 C Γ 1 on T 1 para as shown in Figure 1a . To obtain a Γ 1 larger than 10 s , which corresponds to a Cu(II)− 13 C distance of less than 8 Å (eq 4), T 1 para must be shorter than 0.1 s. The paramagnetic relaxation enhancement of nuclear spins under a metal-centered approximation for the unpaired electron depends on the electron−nucleus distances r according to the Solomon−Bloembergen equations 
Here, μ 0 = 4π × 10 −7 Tm/A is the vacuum permeability, γ n is the nuclear-spin gyromagnetic ratio and equals 2π × 10.705 MHz/T for 13 C, g e is the electron spin g factor, μ B = 9.274 × 10 −24 J/T is the Bohr magneton, S is the electron-spin quantum number of the paramagnetic ion, and ω n and ω e are the Larmor frequencies of the nucleus and electron, respectively, at the magnetic field of interest. The longitudinal and transverse correlation times, τ c1 and τ c2 , depend on the electronic relaxation time T 1e and T 2e , the rotational correlation time (τ r ) of the molecule, and the exchange correlation time (τ M )
To a good approximation, T 1e = T 2e . For solids without chemical exchange, τ r and τ M are long; thus, τ c1 and τ c2 are approximately equal to the electronic relaxation times. The T 1e of Cu(II) has been estimated to be in the 1−5 ns range. 44 Since Γ 1 is roughly linear with T 1e but to the inverse sixth power of distance, it is much more sensitive to the distance than to T 1e . Inputting the various constants and using a magnetic field of 9.4 T, we obtain the distance-dependent 13 
Figure 1c plots r as a function of Γ 1 , which allows us to estimate the limiting measurable 13 C−Cu(II) distances. Assuming a minimum T 1 para of 50 ms before the onset of severe line broadening, a Γ 1 of ∼20 s −1 is obtained, corresponding to a minimum 13 C−Cu(II) distance of about 7.5 Å. At the other extreme, if the closest T 1 para that can be resolved from a T 1 dia of 1.0 s is 0.9 s then the Γ 1 of 0.11 s −1 corresponds to a maximum 13 C−Cu(II) distance of 18 Å. This is a conservative upper limit because at higher MAS frequencies the 13 C T 1 will lengthen due to suppression of spin diffusion, which will allow smaller Γ 1 values to be resolved to detect longer distances. For distances shorter than 7.5 Å, transverse PRE is expected to become dominant to broaden the spectra. Isotropic PCS may also become observable; however, this effect is generally weak for Cu(II) due to its small g-tensor anisotropy and thus less useful for structure determination.
Cu . However, in hydrated lipid membranes, two other Cu(II) binding equilibria are also present. Cu(II) can bind to lipid phosphate groups with 2:1 or 1:1 stoichiometry. 45, 46 No binding constant has been reported, but the dissociation constants for a number of other divalent cations such as Mn 2+ and Co 2+ were found to be in the 1−4 M range. 45 Cu(II) also binds hydroxide ions in solution, but this binding is minimized using acidic pH for our samples. Below we first assess the extent of Cu(II) binding to the membrane surface and its effects on the lipid signals. We measured the 31 P and 13 C spectra of protein-free POPC bilayers and the lipid 13 C T 1 in the absence and presence of Cu(II). A low Cu(II):lipid mole ratio of 1:15, which was identical to the molar ratio of most protein-containing samples, was used. Figure 2a shows that the 31 P MAS signal is completely suppressed after addition of Cu(II), confirming ion binding to the phosphate. In comparison, the headgroup Cα and glycerol G3 carbons, which are the closest carbons to the phosphate, retain the 13 C signals but exhibit line broadening and small frequency changes of 0.3−0.4 ppm. These frequency changes are not due to Fermi contact shift, since there is no covalent bonding or orbital overlap between the unpaired electron of Cu(II) and lipid carbons. They are also unlikely to be due to lipid conformational changes. First, even at higher ion concentrations than used here multivalent metal ions only affect the polar headgroup α and β segments, as detected through 2 H quadrupolar couplings. 47, 48 No 2 H quadrupolar coupling change was observed for glycerol backbone groups, in contrast to the G3 chemical shift change detected here. Second, our previous PRE studies using the divalent cation Mn(II), which has similar charge−charge interactions with the lipid phosphates as Cu(II), did not show any 13 C chemical shift changes. 20, 22 Therefore, the G3 and Cα chemical shift changes in the Cu(II)-bound membrane most likely result from pseudocontact shifts. Figure 2b shows a representative pair of 13 C T 1 relaxation curves: the T 1 of glycerol G3 decreased from 206 to 37 ms upon Cu(II) binding. Plotting the 13 C Γ 1 for all lipid groups as a function of their depths from the membrane surface we obtained the expected monotonic trend of decreasing Γ 1 with increasing distance from the membrane surface (Figure 2c ). The Γ 1 values range from 22 to 0.3 s −1 (Table S1 , Supporting Information), corresponding to effective Cu(II)− 13 C distances of 7.4−15 Å. These values correlate well qualitatively with the depth of the lipid carbons to the membrane surface, which are known from diffraction data. 49 Quantitatively, the glycerol G3 and headgroup Cα carbons have longer PRE distances (∼7.5 Å) than their depths or distances to the phosphate. This discrepancy can be understood by the fact that Cu(II) ions laterally diffuse on the surface of the neutral lipid membrane, 45, 46 with residence times at an individual lipid headgroup much shorter than 10 −6 s, 47, 48 thus reducing the PRE effect through ⟨r⟩ −6 and a shorter correlation time. 50 For acyl-chain carbons, this distance-averaging effect is attenuated because the significant depths of these carbons make the instantaneous distances to the surface Cu(II) ions more comparable. Overall, Table S1 , Supporting Information, shows that for the bottom half of the acyl chain carbons the relaxation enhancement due to the surface-bound Cu(II) is 0.1−1 s −1 . Therefore, if protein residues well embedded in the middle of the membrane experience 13 C T 1 PREs that are much larger than this range, then a Cu(II) binding site in the protein must exist at much closer proximity than the surface-bound Cu(II).
Cu(II)-Induced
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C PRE of Membrane-Bound M2TM. To determine the specific binding site of Cu(II) in M2, we measured the 13 C T 1 PRE of nine transmembrane residues, including Val28, Ser31, Ile32, Gly34, Leu36, His37, Ile39, Leu40, and Trp41. Figure 3a shows the aliphatic region of the 13 C spectra of Val28, Ser31, Ile32, and Leu36-labeled M2TM in the absence and presence of Cu(II). Among the four labeled residues, Leu36 Cα and Cβ exhibited the strongest line broadening, as shown in both 1D and 2D 13 C spectra ( Figure  S2 , Supporting Information), indicating that Leu36 is the closest to Cu(II) among the four labeled residues. Figure 3b −e shows the 13 C T 1 relaxation curves of Cu(II)-free and Cu(II)-bound samples. In addition to the 4:1 Cu(II):tetramer sample, we also examined the spectra of a 1:1 Cu(II):tetramer sample to observe the progression of PRE effects. Sizeable T 1 relaxation enhancement was detected for all residues. At the 4:1 ratio, 13 C Γ 1 ranges from 1.5 to 2.6 s −1 (Table 1) , which corresponds to distances of 11.6−10.6 Å to the Cu(II) center.
In addition to enhancing 13 C longitudinal and transverse relaxation, Cu(II) binding also perturbed the 15 N chemical shift of Ser31 from 117.9 ppm in the apo state to 114.1 ppm in the Cu(II) bound state (Figure 3f ). This large shift cannot be due to PCS but must result from Cu(II)-induced conformational change of this residue. We previously showed that Ser31 is the site of maximal chemical shift perturbation by amantadine, where the 15 N chemical shift increased from 115 ppm in the apo state to 121 ppm in the drug-bound state in DLPC bilayers. 51 A similar 15 N chemical shift increase was also observed when M2TM was bound to virus-mimetic membranes. 34 The fact that Cu(II) binding changed the Ser31 15 N chemical shift in the opposite direction indicates that Cu(II) affects the M2TM conformation differently from amantadine. Figure 4 shows the 13 C and 15 N spectra of GHI-M2TM in the absence and presence of Cu(II). 13 C spectra were measured with a 13 C double-quantum filter to suppress the lipid natural abundance 13 C signals. Among the three residues, the His37 C correlation spectra (Figure 4b and 4c) . These results strongly indicate that Cu(II) binds to His37. For the detectable Gly34 and Ile39 residues, most sites exhibited clear T 1 relaxation enhancement ( Figure S3a and S3b, Supporting Information). In addition, the resolved lipid 13 C signals such as glycerol backbone G2 showed comparable T 1 PRE as the protein-free membrane ( Figure S3c , Supporting Information), indicating that Cu(II) binds to the membrane surface similarly whether the protein is present or not. In addition to causing PRE, Cu(II) also perturbed the conformation of Gly34: the apo peptide exhibited two Gly34 CO peaks at 175.6 and 173.2 ppm, while the Cu(II)-bound peptide showed a CO peak at 172.2 ppm. Previous chemical shift analysis 52 and orientation measurements 53 indicated that the downfield CO peak at 175 ppm corresponded to M2TM with a kink at Gly34, while a straight TM helix exhibited the more upfield Gly34 CO chemical shift.
In principle, Cu(II) can bind to either Nε2 or Nδ1 of His37, which faces the C-terminus or N-terminus of the channel, respectively, due to the trans−trans rotamer of the His37 side chain. 54, 55 To determine which nitrogen coordinates Cu(II), we measured the 15 N MAS spectra of His37-labeled M2TM. Previous 2D 15 N− 13 C correlation spectra showed that the two nitrogens of the imidazolium ring differed in their isotropic chemical shifts by 4.1 ppm, Nε2 resonates at 176.3 ppm, while Nδ1 resonates at 180.4 ppm, 54 due to the higher proton affinity of Nε2 throughout a large pH range. Figure 4d shows that Cu(II) binding completely suppressed the upfield Nε2 peak while retaining ∼10% of the Nδ1 signal, suggesting that Cu(II) binds preferentially to Nε2. If Nε2 binding is correct, then residues immediately Cterminal to His37 should manifest larger PRE than residues immediately N-terminal to His37. To test this hypothesis, we measured the 13 C PRE of LW-M2TM. Indeed, both the backbone and the side chain 13 C signals of Leu40 and Trp41 exhibited significant line broadening (Figure 5a) , with Cα peaks decreasing to 20−30% of the apo intensities. 13 C T 1 relaxation rates also increased substantially. Leu40 Cα gave a Γ 1 of 8.67 s
, corresponding to a distance of ∼8.7 Å to Cu(II) ( Table 1 ). This Γ 1 was much larger than the Gly34 Cα Γ 1 of 3.46 s −1 . Since Leu40 and Gly34 are both three residues away from His37, their different PRE lends further support to the conclusion that Cu(II) binds the imidazolium rings from the C-terminal side, between His37 and Trp41. Table 1 lists the 13 C T 1 PREs and the resulting distances for all labeled residues. The 13 C intensity reduction, measured as the ratio I para /I dia between the Cu(II) bound sample and the diamagnetic sample, is also listed to reflect the qualitative T 2 relaxation enhancement. For the intensity-suppressed His37, a conservative distance upper limit of 7.5 Å was used, although the actual distances of Cu(II) to the imidazolium side chain atoms are almost certainly much shorter. The central segment of the TM helix, from Gly34 to Leu40, manifests longitudinal PRE in the range of 3−9 s −1 (Table 1) , which is an order of magnitude larger than the PRE of lipid chain carbons at comparable depths from the membrane surface (Table S1 , Supporting Information). This confirms the presence of a highaffinity Cu(II) binding site within this segment, which is chiefly responsible for the PRE effects of these residues. Figure 6a plots the residual Cα intensities after Cu(II) binding. The minimum intensity occurs at His37, indicating the Cu(II) binding site. Gly34 Cα also showed low intensity. However, this value does not accurately reflect a very short distance to the Cu(II) center, because the CH 2 Cα group of Gly experiences more severe 1 H signal quenching by Cu(II) than the CH Cα group of other amino acids, thus disproportionally reducing the Cα intensity through Cα Γ 1 could not be measured, based on its intensity reduction factor, a Γ 1 of about 10 s −1 is expected. Figure 7 shows the structural model of Cu(II) binding to His37 in M2TM. We used the 1.65 Å crystal structure (PDB 3LBW) to model Cu(II) distances to various residues, but the same conclusion was reached when using the recent solid-state NMR structure (PDB 2KQT) of M2TM. 56 We placed Cu(II) at the center of the square formed by the four equivalent His37 Nε2 atoms. Thus positioned, the Cu(II) ion is ∼3.0 Å from the nitrogens at the four corners, which is within the literature range of Cu(II) distances to histidine nitrogens. 57 This Nε2 binding site yields distances in good agreement with the PREmeasured values for the central segment of the TM helix (Table  S2 , Supporting Information). Compared to the alternative Nδ1 binding model, the Nε2 binding model has longer distances to the N-terminal residues and shorter ones to the C-terminal residues. The largest distance difference between the two models occurs at Gly34 Cα, which is 8.7 Å from the Nε2-bound Cu(II) but only 6.3 Å from the Nδ1 binding site. The latter would correspond to a Γ 1 of about 60 s −1 , which is not detected. Moreover, such a short distance would imply complete quenching of the Gly34 signals, which is inconsistent with the experimental data (Figure 4a ). Another key difference between the two binding sites is the relative distance between Leu36 and Leu40. Cu(II) binding at the upper Nδ1 site would predict a shorter distance to Leu36 than to Leu40, which is opposite the trend seen in the spectral intensities (less residual intensities for Leu40) and the T 1 PRE (higher Γ 1 for Leu40). Taken together, the quantitative 13 C Γ 1 and the spectral line broadening consistently support His37 Nε2 as the Cu(II) binding site.
For residues close to the termini of the TM peptide, the measured PRE distances are shorter than the predicted distances to the His37 Nε2 binding site. The discrepancy is especially obvious for Val28, whose predicted distances are 18 and 16 Å for the Nε2 or Nδ1 binding sites, while the measured distance is 11 Å (Table S2 , Supporting Information). This discrepancy results from the fact that Val28 is much closer to the membrane surface (10−11 Å) than to His37 (Table S2 , Supporting Information) and thus should experience significant PRE effects from the surface-bound Cu(II). Correlation between the 13 C T 1 PRE and the 13 C intensity reduction factor, which is the inverse of the residual intensity plotted in a. Residues that show large T 1 PRE also have large intensity reductions. Gly34 Cα shows anomalously low intensities (strong T 2 PRE) because the CH 2 Cα group is more sensitive to 1 H quenching by Cu(II) than the CH Cα groups of all other amino acid residues. His37 Cα intensity reduction suggests a 13 ■ DISCUSSION High-Affinity Binding Site of Cu(II) at His37 Nε2: A His-Trp "Cage" Binding Model. The observed 13 C and 15 N spectral broadening (T 2 PRE) and 13 C T 1 PRE indicate that Cu(II) binds to His37 Nε2, not far from the gating residue Trp41 (Figure 7) . Metal chelation to imidazole Nε2 in favor of Nδ1 has been often observed in proteins. 18, 57, 58 In the case of M2, Cu(II) entrapment in the aromatic cage formed by the four imidazolium rings and four indole rings enhances the Cu(II) affinity compared to binding to Nδ1 on the N-terminal side, where Cu(II) can dissociate more readily. By binding between the His37 and the Trp41 tetrads, Cu(II) can inhibit the proton current in multiple ways, including perturbing His37−water proton exchange, 59 preventing His37 conformational dynamics, 54 and interfering with His-Trp cation−π interaction. 60, 61 The Nε2 coordination of Cu(II) implicitly disagrees with a structural model where Nε2 of a charged imidazolium hydrogen bonds with Nδ1 of a neutral imidazole. 62 At the low pH used for the NMR samples, both Nε2 and Nδ1 are initially protonated; thus, Cu(II) binding to Nε2 must at first displace a proton, which is consistent with the slower onset of Cu(II) inhibition at low pH than at high pH.
When Cu(II) solution was injected into internally high-pH oocytes that are bathed in externally low pH solution it did not inhibit wild-type M2 channels but inhibited the W41A mutant channel. This was interpreted as the inability of Cu(II) to pass the bulky Trp indole rings from the C-terminal side, an effect that was removed by mutation to the smaller Ala. At the symmetric low pH condition used in our SSNMR samples, Cu(II) entry to the His37 binding site is more likely bidirectional, since the Trp41 gate should be open at acidic pH, as indicated by NMR distance measurements 8 and crystal structures. 55, 63 In principle, it would be interesting to measure Cu(II) binding at higher pH where the Trp41 gate is closed and the Cu(II) affinity for His37 is higher. However, to avoid Cu(II) binding to the more abundant hydroxide ions present at higher pH, a much lower concentration of Cu(II) must be used, which would in turn require a much lower concentration of protein than feasible by solid-state NMR in the absence of sensitivity-enhancement techniques.
Low-Affinity Binding Site for Cu(II). The current 13 C PRE data strongly suggest that the low-affinity Cu(II) binding site seen in the electrophysiological data 33 is the lipid phosphate on the membrane surface. Even at a low Cu(II) concentration, the surface-bound Cu(II) caused detectable PRE to Val28, which is relatively far from His37 but closer to the membrane surface. Inspection of the 31 P spectra of the lipids and 2D
15 N− 13 C spectra of VSIL-M2TM ( Figure S4 , Supporting Information) upon Cu(II) titration from 0, 1:1, to 4:1 Cu(II):tetramer ratios gave useful insight into the Cu(II) binding process. 31 P spectra showed a small residual intensity at the 1:1 ratio but no intensity at the 4:1 ratio. The Val28 peak became broadened already at the 1:1 ratio and broadened further at the 4:1 ratio. In comparison, the Ser31 peak did not shift from the apo position at the 1:1 ratio but moved significantly in the 15 N dimension at the 4:1 ratio. These results indicate that the first Cu(II) ions bind to the membrane surface, causing weak PREs to the most surface−proximal residues. When the Cu(II) concentration increases, the membrane surface binding sites become saturated, fully suppressing the 31 P intensity. Additional Cu(II) ions then enter the channels to bind His37 and in so doing cause significant conformational changes at Ser31 and Gly34. Because of the immediate accessibility of the membrane surface to water and the necessity for ion diffusion into the channel pore to reach the His37 binding site, Cu(II) binding to the membrane surface is faster than to His37, which explains the fast initial kinetics seen in the proton conductivity measurements. However, the channel binding site with the slower kinetics has higher affinity, due to Cu(II) chelation with the imidazolium Nε2 as well as entrapment by the His-Trp cage.
The lipid phosphate binding model is consistent with biochemical evidence that the low-affinity site is nonspecific, has fast kinetics, and does not depend on various side chains in the protein that could bind metal ions, including Cys17, Cys19, Asp24, and Ser31. 33 Membrane-surface-bound Cu(II) may hinder proton conduction by influencing the conformation of the cytoplasmic domain of the full-length protein, which may in turn subtly perturb the conformation and packing of the TM helix.
Cu(II) versus Amantadine-Induced Conformational Changes of M2TM. Electrophysiological data indicate both similarities and differences between Cu(II) inhibition and amantadine inhibition of the M2 proton channel. While both compounds inhibit the channel bidirectionally better at high pH, the Cu(II) binding affinity is about 10-fold weaker than amantadine. 33 Cu(II) binding is also competitive with hydrophobic drugs: prior application of BL-1743 to M2 prevented Cu(II) inhibition. Since BL-1743 is believed to act similarly as amantadine, we can understand this competitive inhibition by the fact that amantadine and BL-1743 binding to the Nterminal pore, 56, 63 at Ser31, occludes the channel, thus preventing Cu(II) entry to His37. An additional effect may be that amantadine-induced dehydration of the channel 64 and the resulting perturbation of the His37 protonation equilibria 53, 59 may interfere with Cu(II) binding. Consistent with the functional data, the observed 13 C and 15 N chemical shifts indicate several differences between the Cu(II)-bound and amantadine-bound M2TM conformations. Ser31 and Gly34 exhibit Cu(II)-bound chemical shifts that are distinct from the amantadine-bound chemical shifts. 51, 65 The Cu(II)-bound chemical shifts at these sites are more consistent with a straighter TM helix at low pH. 52 These differences are clearly related to the distinct binding sites at His37 and Ser31. Therefore, the structural and mechanistic information obtained here suggests that it should be possible to design new drugs 66 to target the His37 binding site as a route to inhibit the naturally occurring amantadine-resistant M2 mutants such as S31N and V27A.
Cu(II) PRE for Studying Membrane Proteins. The distances extracted from 13 C T 1 PRE (Table 1) have relatively small uncertainties of 0.1−0.3 Å, as propagated from the random uncertainties in the measured T 1 values. However, it is useful to evaluate the extent of systematic uncertainties, such as dynamics of the protein, uncertainty in the occupancy of the His37 binding site, the presence of 13 C spin diffusion, and the effects of multiple Cu(II) ions on the 13 C PRE. In general, protein anisotropic motion and incomplete Cu(II) occupancy at its binding site will attenuate the PRE, whereas multispin effects due to multiple Cu(II) ions should increase the PRE. Thus, these error sources should partially cancel. More careful considerations indicate that each of these potential sources of uncertainties is in fact minimal under the conditions of our experiments. Due to the use of the cholesterol-and SM-rich VM+ membrane for M2TM reconstitution, no large-amplitude Journal of the American Chemical Society motion of the tetramer backbone is present, 35 in contrast to the situation in DMPC and POPC membranes. 67 The occupancy of the His37 binding site is close to 100%; otherwise, significant residual imidazole intensities would be detected. While 13 C spin diffusion is present at the MAS frequency of 8 kHz for the T 1 experiments, the use of site-specifically labeled samples should present significant barrier to inter-residue spin diffusion, thus making 13 C T 1 values relatively site specific, as verified by the measured values (Table 1) . Finally, at the Cu(II):tetramer:lipid molar ratio of 4:1:60, the surface density of Cu(II) is low, with about 3 Cu(II) per 60 lipids. With a typical lipid headgroup area of 60 Å 2 , the average distance between two Cu(II) ions on the membrane surface is about 35 Å. This distance is much larger than the thickness of one leaflet of the bilayer; thus, membrane-embedded residues should experience at most only one surface-bound Cu(II) in addition to the His37-bound Cu(II). The surface-bound Cu(II) is also dynamic with respect to the protein, which further weakens its PRE effect. Finally, the PRE of surface-bound Cu(II) can in principle be internally calibrated using the lipid 13 C signals if the approximate depths of the residues are known (Table S2 , Supporting Information). Therefore, the surface Cu(II) PRE effects can be taken into account more quantitatively, if necessary, to analyze the PRE due to the protein-bound Cu(II).
This study demonstrates that functionally important paramagnetic ions in membrane proteins can be used as a structural probe to both determine the metal binding site and provide long distance constraints. For M2, Cu(II) binding to histidine is sufficiently tight due to the binding site geometry that no dissociation is detected, and additional binding equilibria to hydroxide ions and lipid phosphates can be minimized or controlled using appropriate pH and Cu(II) concentration. For such functional binding sites in proteins, metal chelating agents cannot be used; thus, alternative paramagnetic NMR approaches where metal chelates are covalently attached to protein side chains 10 or incorporated into lipids or solution 68 are not applicable. This study shows that membrane proteins containing high-affinity paramagnetic metal ions should be generally amenable to structural investigation.
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Supporting Information Cu(II) on the closer membrane surface a a. The depths of individual Cα atoms from the proximal membrane surface are extracted using the 2KQT structure for M2TM and assuming an average 31 P -31 P separation of 40 Å for the lipid bilayer. The total vertical length of the 2KQT structure from S22 Cα to L46 Cα is 36.3 Å. The absolute vertical displacement of the peptide in the bilayer is chosen to best reproduce the experimentally measured 13 C PRE of V28 and W41. The final vertical position puts the S22 Cα at 1.0 Å from one membrane plane and L46 at 2.7 Å from the other membrane plane. The Val28 peak is already broadened at the 1:1 ratio, while the Ser31 peak is shifted only at the 4:1 ratio. Thus, Cu(II) first binds to the membrane surface, causing PRE of only the most surface-proximal Val28. After saturating the surface binding sites, Cu(II) enters the channel to its high-affinity binding site at His37, and causes conformational changes to key residues of the peptide.
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